






















































処理したところ、放射性 Csの揮発率は大幅に向上し、土壌中に数万 Bqkg-1含まれる放射性 Cs











　　Due to the accident at TEPCO Fukushima Daiichi Nuclear Power Plant, radioactive 
substances were spread and extensive contamination mainly in Fukushima Prefecture. Through the 
decontamination works, the contaminated soil with radioactive cesium generated enormously in the 
disaster-affected areas. The reduction of the storage amount at temporary storage / intermediate 
storage facilities etc. brings main issues of the decontamination works. This moment, heat treatment 
technology is considered as one of the most effective ways to reduce the volume of decontamination 
waste. However, there are insufficient fundamental data to investigate the characteristics of products 
by high-temperature heat treatment of soil and to confirm the safety of heat-treated purification 
products. From this background, the mineralogical and chemical characterization of heat-treated soils 
was examined in detail for assuming the volume reduction of decontaminated soil.
　　This thesis consists of 5 chapters.
　　Chapter 1 is an introduction, showing the background and purpose of the thesis.
　　In chapter 2, we examined the mineralogical and chemical properties of the 11 soils weathered 
from different rock-types and one from Kanto loam, and their properties after heat treatment at 
1550 ºC, assuming the volume reduction of actual contaminated soil. The constituent mineral of 
the weathered soils does not necessarily reflect the mineral and chemical compositions of the host 
rock. The sum of SiO2, Al2O3, and Fe2O3 in the weathered soil is high content a large amount of the 
weathered product. Although the rate shows it does not necessarily reflect the chemical composition 
of the base material rock.  Due to heat treatment of the 11 weathered soils and Kanto loam at 1550 ºC, 
the considerable weight loss and phase change was observed. The minerals produced after heating at 
1550 ºC were mullite, cristobalite, and hematite. Mullite and hematite were present after treatment 
of limited soil, while cristobalite was produced from all soils. From the study of chemical weathering 
Heat Treatments of the Contaminated Soils for Volume Reduction and 
Mineralogical and Chemical Characteristics of the Products
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index (WI), the formation of mullite from the soil where the weathering has progressed considerably is 
revealed. As for the remarkable weight loss by heat treatment, significant weight loss was observed in 
the soil containing Fe2O3 and Kanto loam base material based on andesite, basalt, gabbros, serpentinite, 
limestone as a base material, It is thought that it depends on the difference in the content of clay 
minerals, the dehydration due to the change of clay minerals etc., and the reduction of iron (III) oxide.
　　In Chapter 3, focusing on weathered granodiolite which is widely distributed in Fukushima, the 
properties of heat-treated products were analyzed by using the powder X-ray diffraction method, 
fluorescent X-ray spectroscopy, and the EDS-SEM techniques. Particularly, I examined the differences 
of constituent mineral species and segregation of elements in product depending on the particle size 
of the starting material, and also depending on the felsic mineral and mafic mineral after magnetic 
separation after high temperature treatment. Furthermore, I investigated the behavior of Cs after 
heating and melting of weathered granodiolite mixed with Cs. In order to investigate the behavior of 
volcanic ash existing as a mixture in the weathered soil in Fukushima prefecture, we also compared the 
behavior of Cs when heated and melted Kanto loam.
　　In chapter 4, I evaluate for the volatilization removal of radioactive cesium by heat treatment using 
actual contaminated soil that collected in Iidate village, Fukushima Prefecture. According to results 
conducted by JAEA, radioactive cesium strongly bonds to clay in the soil and is considered to remain 
in the soil without volatilization even if heat-treated at high temperature of 1300 ºC. The reason why 
cesium does not volatilize is considered to be that the diffusion of cesium is severely inhibited because 
the soil is molten at high temperature and then changes to the quenched glass. For the effective 
removal of cesium from the soil, it is necessary to make an un-melted state of soil at high temperature 
and to diffuse cesium stably in soil. A calcium-based reaction promoter was added to the soil and heat- 
treatment was carried out after stirring, the volatilization rate of cesium was greatly improved. After 
that radioactive cesium contained in the soil of tens of thousands Bqkg-1 decreased to the clearance 
level (100 Bqkg-1) or less.  The results is obtained in the project ‘Consignment work on utilization of 
fly ash and contaminated soil by separation of radioactive material in 2013’.
　　Chapter 5 is the conclusion of this thesis. I summarized the obtained findings and described the 
importance of heat treatment technology of radioactive waste. The heat treatment focused in this 
thesis is essential for waste treatment, disposal, and recycling. As an advanced volume reduction 
technology, there is a possibility that the amount of soil that needs to be stored in an intermediate 
storage facility, and eventually the amount of final disposal can be reduced, which is an extremely 
important approach from a long-term perspective. The obtained results will make a great contribution 
to the prediction and future prospects for coming civil works, that is, the utilization of backfill materials 
for civil engineering structures, embayment such as roads, aggregates for concrete, as well as reuse 



























































































































































































































































Fig. 1-1  Air Dose rates Map of the evacuation-directed zones (Air dose rates at the 







































Fig. 1-2  Photos of temporary storage area in Fuku-
shima prefecture. 
 a: Bird eye’s view of the area in Tomioka, 
 b: Side view of the area in Iitate.
Fig. 1-3  Photos of heat treatment facility in Fuku-
shima prefecture.
 a: Komiya, Iitate, b: Warabidaira, Iitate. 
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Table 2-1　 Starting materials, sampling localities and weight loss of weathered rocks by heating un-






No.1 Weathered andesite Kakumashinden, Suwa-shi, Nagano 19.29
No.2 Weathered basalt Genbudou, Akaishi, Toyooka-shi, Hyogo 16.60
No.3 Weathered granite Mannariyama, Okayama-shi, Okayama 3.70
No.4 Weathered diorite Kadohara, Ōno-shi, Fukui 8.30
No.5 Weathered gabbro Kohyama, Susa-cho, Hagi-shi, Ymaguchi 15.94
No.6 Weathered serpentinite Tkahama-cho, Ōi-gun, Fukui 16.76
No.7 Weathered sandstone Izumi, Hannan-shi, Osaka 6.14
No.8 Weathered siltstone Fukakusa, Fushimi-ku, Kyoto-shi, Kyoto 8.26
No.9 Weathered shale Kiyotaki, Ukyo-ku, Kyoto-shi, Kyoto 5.57
No.10 Weathered limestone Edou, Mitou-cho, Mine-shi, Yamaguchi 17.37
No.11 Weathered tuff Ohya, Utsunomiya-shi, Tochigi 9.14
No.12 Kanto loam Okamoto, Setagaya-ku, Tokyo 26.76
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Fig. 2-1  X-ray powder diffraction patterns of starting materials and heat-treated samples at 350, 500 and 1550 ℃. (a) Weath-
ered andesite, (b) Weathered basalt , (c) Weathered granite, (d) Weathered diorite, (e) Weathered gabbro, and (f) 
Weathered serpentine. Symbols for the identified minerals are shown in each figures.
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Fig. 2-1 (Continued)  (g) Weathered sandstone, (h) Weathered siltstone, (i) Weathered shale, (j) Weathered limestone (k) 


















































SiO2 45.42 62.27 46.53 52.37 61.35 76.83 54.47 72.3 48.61 46.47
TiO2 1.59 0.7 1.06 1.32 0.72 0.044 0.89 0.26 1.13 0.56
Al2O3 35.67 15.56 31.97 14.53 22.86 12.47 25.20 14.24 32.08 23.48
Fe2O3 15.50 6.6 17.28 8.99 7.30 0.97 8.41 2.18 15.97 6.69
MnO 0.57 0.104 0.50 0.153 0.14 0.016 0.28 0.063 0.31 0.13
MgO 0.00 3.72 0.42 7.71 0.00 0.037 2.45 0.74 0.05 6.18
CaO 0.26 6.24 0.06 9.25 1.53 0.7 3.84 2.2 0.05 14.1
Na2O 0.03 3.19 0.48 2.77 2.74 3.54 2.07 3.38 0.15 0.92
K2O 0.36 1.41 1.29 1.43 2.93 4.71 1.68 3.98 1.00 0.059
P2O5 0.59 0.116 0.33 0.255 0.43 0.002 0.71 0.099 0.38 0.017
SO3 0.00 - 0.08 - 0.00 - 0.00 - 0.25 -
CO2 - - - - - - - - - -
Total 100.00 99.91 100.00 98.78 100.00 99.32 100.00 99.44 100.00 98.61
Table 2-2　Chemical compositions of starting materials and their related original rocks.


















SiO2 39.97 39.5 75.57 64.65 70.85 46.18 0.12 67.85 42.30
TiO2 0.90 0.01 0.88 0.97 0.65 1.40 0.002 0.26 1.73
Al2O3 18.76 0.24 13.62 18.17 17.61 30.57 0.0207 18.84 32.70
Fe2O3 36.99 8.14 3.87 5.85 5.50 16.55 0.0168 4.56 18.64
MnO 0.72 0.11 0.10 0.12 0.30 0.49 0.00209 0.17 0.52
MgO 0.73 51.64 0.74 1.41 0.57 0.67 0.606 1.93 1.46
CaO 0.24 0.13 0.32 1.09 0.05 1.15 55.09 1.89 1.46
Na2O 0.09 0.15 1.42 1.18 0.13 0.55 0.00194 0.82 0.24
K2O 1.15 0.01 2.88 3.23 3.82 2.05 0.00297 3.20 0.29
P2O5 0.28 0.04 0.60 0.51 0.53 0.36 0.0295 0.49 0.56
SO3 0.16 - 0.00 2.81 0.00 0.02 - 0.00 0.11
CO2 - - - - - - 43.58 - -




































































































































































TiO2を 1.4wt％、MnOを 0.5wt％、MgOを 0.7wt％含有
している。アルカリ金属元素およびアルカリ土類金属




































































































































































































































































































































Table 2-4  Abundance of mullite and hematite in the samples heated at 1550 ℃ , and the  abundance of feld-





































試料は風乾後、乾式フルイにより 2000 μm>d>500 μm、





理した。加熱処理は、室温から 1550 ºCまで 3時間かけ
昇温し、1時間保持した。その後、降温速度の生成物へ
Table. 3-1　 Chemical compositions of starting mate-








SiO2 67.31 59.65 55.66 54.21 
TiO2 0.77 0.64 0.58 0.59 
Al2O3 12.26 17.01 20.40 25.02 
Fe2O3 7.36 7.60 7.61 6.65 
MnO 0.18 0.22 0.23 0.23 
MgO 2.61 2.17 1.85 0.64 
CaO 4.79 7.40 8.45 7.20 
Na2O 1.97 3.19 3.48 2.99 
K2O 2.24 1.71 1.37 1.76 
P2O5 0.51 0.41 0.36 0.72 
100.00 100.00 100.00 100.00 
Unit of “d” is μm
 
Fig. 3-1  Sample locality of the weathed granodiolite 
as starting material  (X) at Ono-niimachi 
elementary school, Fukushima prefecture, 
plotted on the geological map (GeoNavi: 
https://gbank.gsj.jp/geonavi/). 
  G2a: Hornblend-biotite granodiolite; G2b: 











































じて、SiO2が 67 wt％から 54 wt％へと減少した。CaO







Fig. 3-2  X-ray powder diffraction pattern of air-dried 
starting material (weathered granodiolite) 
. Solid circle: Cristobalite; Open circle: 
Plagioclase; Open triangle: Kaolinite; Solid 
triangle: Hornblende; Solid square: Quartz.
Fig. 3-3  X-ray powder diffraction patterns of start-
ing materials (weathered granodiolite) after 
classification. Solid circle: Cristobalite; 
Open circle: Plagioclase; Open triangle: 













した場合の生成物の XRDパターンを Fig. 3-5に示す。








































Fig. 3-4  X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550℃ from air-dried 
starting material (weathered granodiolite). 
a; Product quenched into water; b: Product 
cooled in 6 hours; c: Product cooled in 90 
hours. Solid circle: Cristobalite; Open circle: 
Plagioclase, Open square: Magnetite.
Fig. 3-5  X-ray powder diffraction patterns of prod-
ucts from the classified starting material, 
which are heated at 1550℃ and cooled in 







合の生成物の粉末 XRDパターンを Fig. 3-9に示す。構
成鉱物の組み合わせの違いによる加熱相変化を検討した
50 μm> d >125 μmの画分試料についてもより詳細な挙

















Table. 3-2 Chemical compositions of heat-treated products from the classified starting material. 
 Upper side and bottom side of the solid products.　 Unit of “d” is μm
Fig. 3-6  X-ray powder diffraction patterns of felsic 
and mafic parts of magnetically sepatrated 
starting material (250μm>d>125μm). Solid 
circle: Cristobalite; Open circle: Plagioclase; 
Solid triangle: Hornblende; Solid square: 
Quartz.
Fig. 3-7  X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550℃ and cooled 
in 90 hours from felsic and mafic parts of 
magnetically sepatrated starting material 
(250μm>d>125μm). Solid circle: Cristo-
balite; Solid square: Quartz; Open square: 
Magnetite; Double circle: Clinopyroxene.
2000>d>500 500>d>250 250>d>125 125>d
Upper Bottom Upper Bottom Upper Bottom Upper Bottom
SiO2 60.60 72.90 65.55 51.75 67.13 50.43 61.57 53.49
TiO2 0.96 0.64 0.51 0.85 0.47 0.72 0.55 0.66
Al2O3 13.06 8.93 12.93 19.12 12.39 20.74 18.34 23.49
Fe2O3 9.79 6.56 7.03 10.86 6.77 10.33 5.94 7.49
MnO 0.23 0.18 0.21 0.36 0.20 0.37 0.23 0.33
MgO 3.06 1.64 2.10 2.42 1.18 1.69 0.68 0.80
CaO 6.69 4.70 6.07 9.05 5.39 9.78 5.94 7.95
Ng2O 2.68 1.87 3.40 3.45 4.08 4.18 3.97 3.48
K2O 2.51 2.14 1.89 1.81 1.96 1.45 2.08 1.66
P2O5 0.42 0.44 0.32 0.34 0.42 0.31 0.70 0.64






ルックス石が合成され、Alと O以外では「Cs + Si + Al 
+ K + Ca」と「Fe + Mg + Na」との組み合わせに分配
される。CsOHを一定量添加とき、Siは全てポルックス
石に移行した。また、自形結晶とこれを取り囲む部分で
Table. 3-3  Chemical compositions of heat-treated 
products from felsic and mafic parts of 
magnetically sepatrated starting material 
(250μm>d>125μm). Unit of “d” is μm
Fig. 3-8　SEM- and BEI-images and the chemical 
mapping for Si, Fe and Si-Fe of the product treated 
products at 1550 ℃ and cooled in 6 hours from mafic 
parts of magnetically separated starting material 
(250μm>d>125μm).
Fig. 3-9  X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550 ℃ from air-dried 
startimg material (weathered granodiolite) 
with CsOH. a; Product quenched into wa-
ter; b: Product cooled in 6 hours; c: Product 
cooled in 90 hours. Solid star: Pollucite; 
Open circle: Plagioclase: Open square: Mag-
netite.
Fig. 3-10  X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550 ℃ and cooled in 
90 hours from the classified starting mate-
rial (250μm>d>125μm) with and without 
CsOH. Solid star: Pollucite; Open circle: 








SiO2 55.66 63.57 28.68
TiO2 0.58 0.23 1.59
Al2O3 20.40 21.09 19.33
Fe2O3 7.61 0.98 22.49
MnO 0.23 0.04 0.79
MgO 1.85 0.00 12.62
CaO 8.45 7.01 13.31
Na2O 3.48 5.39 0.00
K2O 1.37 1.39 0.99
P2O5 0.36 0.31 0.20
100.00 100.00 100.00
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Fig. 3-11  SEM images of products heat-treated at 1550 ℃ and cooled in 90 hours 
from the classified starting material (250μm>d>125μm) with CsOH.
Fig. 3-12  SEM image and EDS mappings for O, Na, Mg, Al, Si, K, Ca, Fe, and Cs of 
products heat-treated at 1550 ℃ and cooled in 90 hours from the classified 
















素分布を SEM-EDSにより測定した結果を Fig. 3-15に
示す。Alと Oを除く各元素は、Cs + Si + K + Caと Fe 



















Fig. 3-13  SEM image and analytical results by EDS of products heat-treated at 1550 ℃ and cooled 
in 90 hours from the classified starting material (250μm>d>125μm) with CsOH. 
 1: Euhedral pollucite;  2: Area surrounding pollucite.
Fig. 3-14  X-ray powder diffraction patterns of prod-
ucts heat-treated at 1550 ℃ and cooled 
in 90 hours from Kanto loam with CsOH. 
Solid star: Pollucite; Reverse open triangle: 

















































Fig. 3-15  SEM and BEI image and EDS mappings for Cs, O, Na, Mg, Al, Si, K, Ca, and Fe, of prod-


























































Table 4-2　Chemical composition of clay and Cs adsorbed clay.
Sample
SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Cl Cs CaO/SiO2 Cl/Cs
wt.％ mg/kg mole ratio
Clay（Bentonite） 70.8 15.1 2.9 4.0 2.3 2.2 3.5 0.22 － － 0.06 －
Cs Adsorbed Clay（AC）① 64.9 11.3 2.3 4.0 1.5 1.8 3.1 0.13 79 6080 0.07 0.05
Cs Adsorbed Clay（AC）② 66.5 12.2 2.5 3.9 1.7 2.0 3.8 0.15 175 2400 0.06 0.27
Table 4-1　Mix proportion of Cs adsorbed clay.
Amount of  
Bentonite （g）




Cs Adsorbed Clay（AC）① 200 1 1270

































































較検討の結果、土壌を 600～ 1300℃で 5～ 60分加熱し
た結果、顕著な揮発挙動は見られなかった 41）。低温焼





Cs134 Cs137 total SiO2 Al2O3 Fe2O3 CaO Na2O K2O SO3
Actual Cs Contaminated Soil① 1,600 4,200 5,800 41.3 26 13.1 2.5 3.37 1.5 1.5
Actual Cs Contaminated Soil② 8,900 23,400 23,400 37 22.6 16.6 6.5 8.76 1.6 2.0
Actual Cs Contaminated Soil③ 6,700 17,900 24,600 40.2 25.2 13.7 3.1 4.18 1.6 1.4
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Table 4-4　Test results with actual Cs contaminated soil.
　 Sample
Condition of mixed soil
Temperature
Radioactive Cs concentration
 after heat treatment Quantity of the 
products* 
CaO/SiO2 Cl/K Cs134 Cs137 Total
mole ratio mole ratio ℃ Bqkg-1 -
Actual Cs Contaminated Soil① 1.87 1.0 1300 20 60 80 1.14
Actual Cs Contaminated Soil② 1.87 1.0 1300 90 230 310 1.16
Actual Cs Contaminated Soil③
1.87 1.0 1300 40 140 180 1.16
1.87 1.0 1350 70 510 580 1.16
2.07 1.0 1350 20 30 50 1.62
* Ratio of quantity of products after heat treatment / actual Cs contaminated soil.
Fig. 4-1  Relationship between temperature and Cs volatil-
ized rate.


































半減期が約 30年の 137Cs、半減期が約 2年の 134Cs
（134Csは平成 27年（2015年）で当初の約 4分の 1の
濃度になっている）の自然減衰により、全放射性 Cs濃
度は 2015年 11月には濃度の約 1/3になり、結果として
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